TO THE EDITOR Mitochondrial uncoupling, an increased permeability of the inner membrane to protons not coupled to ATP synthesis, dissipates mitochondrial membrane potential. Mild mitochondrial uncoupling is believed to prolong lifespan of certain model organisms by reducing the production of reactive oxygen species (ROS) and preventing oxidant damage (Brand, 2000) . Indeed, long-lived Caenorhabditis elegans strains have a lower membrane potential compared with wild-type strains (Lemire et al., 2009) . Overexpression of the uncoupling protein UCP1 in murine skeletal muscle offers protection from age-related damage and disease (Gates et al., 2007) . In addition, uncouplers extend the lifespan of yeast (Longo et al., 1999) and mice (Caldeira da Silva et al., 2008) , suggesting that mild mitochondrial uncoupling might mitigate at least some deleterious aspects of aging. However, little is known about the effect of mitochondrial uncoupling on the aging of human skin. In this current study, we investigated the protective effect of mild mitochondrial uncoupling against oxidative stressinduced premature senescence in human dermal fibroblasts (HDFs).
Oxidative stress is a pivotal mechanism leading to skin aging (Masaki, 2010) . Accumulation of ROS elicits premature cellular senescence and deleterious alteration of collagen homeostasis, which can contribute to the development of characteristics of aged skin such as coarse, rough, and wrinkled appearance (Varani et al., 2006; Velarde et al., 2012) . HDFs undergo cellular senescence by addition of 200 mM H 2 O 2 for 2 hours and prolonged subculture (Chen and Ames, 1994; Ido et al., 2012) , which can be detected by changes in cellular morphology and senescence-associated b-galactosidase (SA-bgal) staining at 12 days after addition of H 2 O 2 ( Figure 1a) . In order to determine whether mild mitochondrial uncoupling could inhibit oxidative stress-induced premature senescence, we pretreated HDFs with 60 nM carbonyl cyanide (P-trifluoromethoxy)-phenylhydrazone (FCCP) for 30 minutes before addition of H 2 O 2 . In a pilot study, the effective concentration of FCCP that would reduce the ROS production and mitochondrial membrane potential but have no discernible effect on cell viability was determined (Supplementary Figures S1 and S2 online) . We found that cells pretreated with FCCP showed delayed senescence ( Figure 1a ), increased proliferative capacity (Figure 1b ), reduced levels of oxidants ( Figure 1c) , and decreased expression levels of senescence-associated molecular markers, p21 and p16 (Figure 1d ), compared with untreated senescent HDFs.
Next, we investigated the uncoupling effect triggered by FCCP on collagen homeostasis in premature senescent HDFs. Aberrant collagen homeostasis, a prominent feature of aged human skin, is due to reduced collagen production and increased collagen degradation, driving the wrinkling and thinning of skin (Fisher et al., 2009) . Matrix metalloproteinase-1 (MMP-1) is the major enzyme for the collagen degradation, and its expression is elevated in senescent HDFs and aged human skin (Quan et al., 2012) . As shown in Figure 2 , we observed that H 2 O 2 -induced premature senescence increased expression levels of both MMP-1 mRNA and protein and decreased the amount of extracellular secreted collagen. Pretreatment of HDFs with FCCP alleviated the increase in the intracellular production and extracellular secretion of MMP-1 and the decrease in the extracellular generation of collagen (Figure 2a-e) . MMP-1 expression is predominantly regulated at the transcriptional level by the activation of activator protein-1 (AP-1) complex and its upstream the mitogen-activated protein kinase (MAPK) signaling networks (Dasgupta et al., 2010) . Among MAPKs, c-Jun N-terminal kinase (JNK) signaling cascade has a critical role in responding to cellular stress, particularly oxidative stress (Chambers and LoGrasso, 2011). Indeed, JNK activity is increased in intrinsically aged human skin in vivo versus young skin (Shin et al., 2005) , and its activation is essential for the age or senescence-associated increases in MMP-1 expression (Dasgupta et al., 2010) . During aging, redox unbalance induces oxidative stress, causing JNK to amplify mitochondrial ROS generation and induce the expression of the redox-dependent MMP-1 protein, which could provide a mechanistic link between the involvement of free radicals in cellular senescence and age-associated aberrant collagen homeostasis (Fisher et al., 2009; Chambers and LoGrasso, 2011) . To evaluate the contribution of ROS-JNK pathway on oxidative stressinduced premature senescence and MMP-1 production, HDFs were pretreated with JNK-specific inhibitor, SP600125, JNK siRNA, or a wellaccepted ROS scavenger N-acetyl-Lcysteine (NAC). JNK inhibition reduced the H 2 O 2 -induced increase of SA-bgal positivity and of MMP-1 mRNA levels (Supplementary Figure S3a-c online) . Similarly, we found that NAC treatment had a similar effect to JNK inhibition (Supplementary Figure S3a-c online) . These findings indicate that oxidative stress À induced premature senescence and its associated increases in MMP-1 expression are primarily JNK-dependent. We then evaluated whether the inhibitory effects of mitochondrial uncoupling on senescence-associated MMP-1 expression involve the inhibition of the JNK pathway. H 2 O 2 -induced premature senescence increased the phosphorylation of JNK, whereas FCCP treatment decreased the phosphorylation of JNK in senescent HDFs (Figure 2f ). We further investigated the effects of mitochondrial uncoupling on the recruitment of c-Jun, a key subunit of AP-1, to the MMP-1 promoter by the chromatin immunoprecipitation assay. The recruitment of c-Jun to the MMP-1 promoter was significantly decreased in FCCP-treated HDFs compared with that in the untreated senescent HDFs (Figure 2g ). The effects of FCCP on the cellular senescence of HDFs are obviously dependent on the mitochondrial uncoupling as they can be mimicked and reproduced by the presence of another mitochondrial uncoupler, 2,4-dinitrophenol (Supplementary Figures S4-S6 online) . Collectively, our data suggest that a mild mitochondrial uncoupling could prevent or reduce oxidative stress-induced premature senescence by attenuating the alteration in redox state and suppressing redoxdependent JNK-mediated MMP-1 expression, which may offer a strategy for improving the collagen loss of chronologically aged human skin.
Indeed, Caldeira da Silva et al. (2008) demonstrated that chronic mitochondrial uncoupling, similar to caloric restriction, effectively prevents mitochondrial generation of ROS and is a highly effective in vivo antioxidant strategy.
Our findings provide an insight that mild mitochondrial uncoupling has the potential to prevent, delay, or treat agerelated skin changes as well as ageassociated diseases. Further studies, such as the evaluation of the ability of mild systemic uncoupling in the prevention of collagen destruction and skin damage in animal models are needed to confirm the anti-skin aging effects of mild uncoupling.
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